O ver the past few years adult stromal mesenchymal stem cells have been extensively investigated for their potential in developing cell based therapies for the treatment of cardiac injury and/or other regenerative diseases. 1, 2 Numerous studies have shown that transplantation of those cells in postinfarct mice decreased mortality, reduced infarct size and improved cardiac function. 2 More recently, preliminary data from a clinical study of MSCs in 69 postinfarct patients also demonstrated improved left ventricular function. 3 Despite the progress, many barriers for translating the promise of stem cell therapy into practice still exist. Homing, engraftment and survival of the transplanted cells in the ischemic area still pose major problems, with most of the cells being lost within hours of the transplantation. Moreover, the mechanisms determining these processes are still not well understood.
Chemokine induction is one of the prominent features in the postischemic heart associated with neutrophil infiltration and potential angiogenic effects. 4 Importantly, various chemokine/chemokine receptor axes are essential and potent regulators of chemotactic activities for a wide range of cell types such as monocytes and stem cells. We and others have demonstrated that many chemokines, including chemokine (c-c motif) ligand 7 (CCL7), chemokine (c-x-c motif) ligand 1 (CXCL1), chemokine (c-x-c motif) ligand 2 (CXCL2), and others were significantly upregulated in the heart following myocardial infarction (MI) and might be implicated in regulating engraftment and homing of MSCs to infarcted myocardium. [5] [6] [7] Although functionally active receptors for those chemokines have been identified in MSCs, their respective expression levels are relatively low. 8, 9 In this study, we have hypothesized that genetic modifications of the MSCs to enhance levels of specific chemokine receptors can improve the engraftment and survival of the cells to injured myocardium. Specifically, we asked whether MSCs overexpressing chemokine (c-c motif) receptor 1 (CCR1) which is the receptor for CCL7, or chemokine (c-x-c motif) receptor 2 (CXCR2) which is the receptor for both CXCL1 and CXCL2, exhibited improved engraftment and myocardial salvage after acute MI.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org and includes detailed information regarding the following: RT-PCR and real-time RT-PCR of chemokine and chemokine receptors, isolation and culture of MSCs, retroviral construct design, retroviral packaging and producer cell lines, transduction of MSCs, Western blotting, transmigration assay, ELISA for vascular endothelial growth factor (VEGF), human umbilical vein endothelial cell (HUVEC) culture and tube formation assay on matrix gels, 5-bromo-2Ј-deoxyuridine (BrdUrd) incorporation assay, caspase 3/7 assay and TUNEL assay, small interfering (si)RNA transfection, intramyocardial MSC delivery, tracking of the green fluorescent protein (GFP) ϩ cells injected in mice, area at risk (AAR) and infarct size determination, capillary and arteriolar density assessment, assessment of the collagen deposition and fibrosis, histochemical and immunofluorescent examination, echocardiographic study, cytokine arrays, and statistical analysis.
Results

Chemokine Gene Expression Was Upregulated in the Infarcted Tissue
We have shown previously that specific chemokines are upregulated in the injured murine myocardium. 6, 10 To determine the role of the local chemokine milieu in MSC transplantation after MI, we first confirmed the expression levels of a set of known chemokines in the border zone of the injured area by RT-PCR and real time RT PCR ( Figure 1A and 1B) . The results confirmed that mRNA levels of CXCL1, CXCL2 (both ligands for CXCR2), and CCL7 (a ligand for CCR1) were markedly upregulated after MI. The highest levels of expression were observed at 24 hours, although increased levels could still be detected at 7 days after MI. The mRNA levels of CCL5, another ligand for CCR1, were not upregulated significantly. To investigate a possible role for a chemokine/chemokine receptor axis in MSC fate, we then evaluated the gene expression of the corresponding chemokine receptors, namely CCR1, CXCR2, and CXCR4, in MSCs. Because chemokine receptors are robustly expressed in different bone marrow leukocyte subtypes, 11 we isolated mRNA from whole bone marrow cells (wBMCs) as positive control. As expected CCR1, CXCR2 and CXCR4 were all expressed in wBMCs. CXCR4 was detected in MSCs, albeit at reduced levels compared to the wBMCs. Interestingly, very low expression of the CCR1 and CXCR2 genes was found in the MSCs under the conditions tested ( Figure 1C ).
CCR1 Overexpression Increased MSC Chemotaxis In Vitro
To test the potential of an effect of the receptors in chemokineinduced MSC migration, murine MSCs were retrovirally transfected with GFP, CCR1-GFP, or CXCR2-GFP constructs (Figure 2A) , and sorted by flow cytometry for GFP expression. Cells with robust green fluorescence signal were separated and used in this study ( Figure 2B ). Western blot analysis, performed in parallel, confirmed the overexpression (3 to 4 X) of the chemokine receptors on targeted cells ( Figure 2C ). The functionality of the engineered MSCs was then assessed using a migration Transwell assay. In detail, control GFP-MSCs, CCR1-MSCs, or CXCR2-MSCs were stimulated with 1 g/mL of chemokines known to correspond to the receptors overexpressed on these cells (CCL5 for receptor CCR1 and interleukin-8 for receptor CXCR2). As shown in Figure 2D , overexpression of CCR1 significantly increased chemokine-induced MSC chemokinesis (Ϸ90% increase, PϽ0.05). In contrast, MSCs overexpressing CXCR2 did not demonstrate an increased response to interleukin-8 -mediated chemotaxis.
CCR1 Overexpression Protects MSCs From Serum Deprivation-Induced Apoptosis In Vitro
To further study the biology of the genetically modified cells, we first examined the rate of cell proliferation by performing 5-bromo-2Ј-deoxyuridine (BrdUrd) incorporation assays. As shown in Figure 3A , neither CCR1 nor CXCR2 overexpression affected the proliferation of MSCs compared with control MSCs. However, when serum deprivation was used as in vitro model to mimic the stress conditions found in the injured heart, the CCR1, but not the CXCR2, overexpressing MSCs did show enhanced levels of survival. Characteristically, after 12 hours of serum withdrawal, the activity of proapoptotic caspase 3/7 of control MSCs exceeded that of CCR1-MSCs by 1.5-fold. Overexpression of CXCR2 did not affect caspase 3/7 activity ( Figure 3B ). Follow-up analysis by TUNEL staining showed that the percentage of TUNEL-positive cells was significantly reduced in CCR1-overexpressing MSCs as compared with control cells. CXCR2 overexpression did not render significant survival advantage to MSCs ( Figure 3C and 3D) . We have previously demonstrated that MSCs secrete paracrine factors which potentially exert proangiogenic and cardioprotective effects in the injured myocardium. 12 To examine whether the VEGF levels were affected in the CCR1 or CXCR2 overexpressing cells, we first performed ELISA to measure the VEGF levels in the culture medium of MSCs. After 12 hours of serum deprivation, the culture supernatants of CCR1-MSCs 
siRNA-Mediated Downregulation of Endogenous Ligands Expression Attenuated the Protective Effects of CCR1 Overexpression Against Serum Deprivation-Induced Apoptosis in MSCs
To characterize the role of endogenous CCR1 ligands such as CCL5 and CCL7 in protecting CCR1-MSCs from apoptosis, we down-modulated the expression of those genes in CCR1-MSCs using siRNA. After 72 hours transfection with either CCL5 or CCL7 siRNA, CCL5 mRNA content in CCR1-MSCs decreased 98% and CCL7 mRNA content decreased 46%, respectively, compared to negative control siRNA treated cells. siRNA treatment itself did not cause nonspecific downregulation of gene expression, as demonstrated by the ␤-actin control ( Figure  4A and 4B). The effects of CCL5 and CCL7 gene silencing in CCR1-MSCs survival were then evaluated ( Figure 4C ). Following CCL7 siRNA transfection, 75Ϯ21.1% of CCR1-MSCs underwent apoptosis versus 38.3Ϯ16.6% in the control siRNA transfected cells (Ϸ2-fold change). We also observed a trend for enhanced apoptosis in CCL5 siRNA transfected CCR1-MSCs. These data indicated that endogenous ligands of CCR1, especially CCL7, are critical for the high apoptosis resistance of CCR1-MSCs.
Enhanced Accumulation and Survival of Transplanted CCR1-Overexpressing MSCs in Injured Murine Myocardial Tissue Three Days After MI
To examine the in vivo effects of chemokine receptor overexpression in MSCs, MI was produced in mice by permanent ligation of the left anterior descending coronary artery. Mice were randomly assigned to receive intramyocardial injection of a mixture of 0.75ϫ10 5 LacZ ϩ MSCs added to 3ϫ10 5 MSCs which were retrovirally transduced with GFP, CCR1-GFP, or CXCR2-GFP. The LacZ ϩ MSCs were injected to account for any technical variability with the cell delivery (see Material and Methods for details). Three days after MI, GFP ϩ cells could be detected in the infarcted ventricular myocardium ( Figure 5A ). In sections from mouse hearts injected with the mixture of GFP-MSC and LacZ-MSC, the ratio of GFP ϩ /LacZ ϩ ranged from 3:1 to 5:1 (Online Figure II) , consistent with the 4:1 ratio of the injected cells (3ϫ10 5 GFP-MSCs, 0.75ϫ10 5 LacZ ϩ MSCs). In hearts injected with the mixture of CXCR2-GFP-MSCs and LacZ MSCs, the ratio of GFP/LacZ was greater in the first few sections but, in the remainder of the sections, was very similar to that observed in the hearts injected with mixture of GFP-MSC and LacZ-MSC, suggesting the overexpression of CXCR2 had little or no effect of migration into the infarct zone (Online Figure II, bottom) . In contrast, in mouse hearts injected with mixture of CCR1-MSC and LacZ-MSC (Online Figure II, top) , the ratio of GFP/LacZ was higher in all sections compared to the ratio observed in hearts injected with mixture of GFP-MSC and LacZ-MSC, suggesting that expression of CCR1 enhanced MSC migration into the infarct zone. Calculation of the area under the curve for the 3 groups supported this observation ( Figure 5B ).
When TUNEL staining was performed on these heart sections, a significantly greater number of viable GFP ϩ cells were observed in the myocardium of the CCR1-MSC as compared to control GFP MSC group ( Figure 5C and 5D ).
We also observed lower percentage of TUNEL and GFPdouble-positive cells in CCR1-GFP MSC group as compared with CXCR2-MSC group and control-GFP MSC group, though it did not reach statistical significance ( Figure 5E ).
Intramyocardial Injection of CCR1-Overexpressing MSCs Reduced the Infarction Size and Increased Cardiomyocytes Survival and Capillary Density Three Days After MI
To evaluate the functional significance of the overexpression of CCR1 or CXCR2 on MSCs, we measured the infarct area and AAR by Evans Blue dye perfusion and triphenyltetrazolium chloride staining in heart sections of treated mice 3 days after MI. The AAR of infarction after coronary artery ligation was equivalent in all groups of animals (data not shown). As anticipated, injection of control MSCs caused a minor but significant decrease in infarct. Importantly, mice injected with MSCs overexpressing CCR1, but not CXCR2, exhibited a significantly reduced infarct/AAR ratio compared with mice injected with control MSCs (Figure 6A and 6B) . Moreover, mouse hearts injected with CCR1-MSCs exhibited a significantly reduced initial collagen deposition compared to hearts injected with control MSCs or CXCR2-MSCs as evidenced by Mason's trichrome staining (Online Figure III) .
A reduction in cardiomyocyte cell death was also evident when we examined for apoptosis. TUNEL and ␣-sarcomeric actin-double-positive cells were counted and the percentage of TUNEL-positive cardiomyocytes/total nuclei was calculated and normalized to control MSCs group. The data demonstrated that the percentage of apoptotic cardiomyocytes was lower in CCR1-MSC group as compared with CXCR2-MSC group and control-MSC group ( Figure 6C) . No changes were observed in cardiac myocyte regeneration as no significant effects in proliferation, fusion or differentiation were detected by GFP, ␣-sarcomeric actin and /or Ki67 costaining (data not shown).
Because we have shown that MSCs secrete angiogenic factors and promote angiogenesis in vitro, we measured capillary density in the infarction adjacent border zone (Online Figure IV,  A) . The capillary density increased significantly in CCR1-MSC transplanted hearts as compared to control cell transplanted hearts, whereas in CXCR2-MSC injected hearts, the capillary density was not increased significantly. Modest increase of capillary density was observed in the control GFP-MSC injected group compared with PBS injected group ( Figure 6D ). To address whether the injected MSCs differentiated to endothelial cells, we performed GFP and lectin costaining and did not detect any double-positive cells (data not shown).
Interestingly, when percentage of infarction/AAR ratio and number of capillaries/mm 2 were analyzed together, there was a significant negative correlation between infarct size and capillary density (Online Figure IV, B; rϭϪ0.90 ).
Intramyocardial Injection of CCR1-Overexpressing MSCs Prevented Cardiac Remodeling and Restored Cardiac Function Four Weeks After MI
To investigate the long-term effects of the CCR1-MSC transplantation, we measured collagen deposition and fibrosis by Masson's trichrome staining in heart sections 4 weeks after MI. Mouse hearts injected with MSCs overexpressing CCR1 exhibited a significantly reduced fibrotic volume compared to hearts injected with PBS and control MSCs (Figure 7A and 7B) .
We also measured capillary density in the infarction adjacent border zone. The capillary density increased significantly in CCR1-overexpressing MSC injected hearts as compared to PBS and GFP-MSCs injected hearts, whereas there was no significant difference between CCR1-MSCs group and Sham group ( Figure 7C ). Although we were able to detect TUNEL and ␣-sarcomeric actin-double-positive cells 4 weeks post MI (Online Figure V, A) , the apoptotic cardiomyocyte number was very low and there was no difference among the MI groups. Additionally, double-positive Ki67 and ␣-sarcomeric actin cells could be detected 4 weeks post MI (Online Figure V, B) but at very low number and again there was no difference among the MI groups. Although few GFP positive cells were detectable, we were not able to detect GFP and ␣-sarcomeric actin or GFP and lectin-double-positive cells.
More importantly, dramatic functional changes could be detected in the CCR1-MSC-treated mice as evidenced by echocardiography studies (Table) . After 4 weeks MI, both left ventricular (LV) end diastolic dimension and LV end systolic dimension were significantly reduced in the CCR1-MSC group compared to the PBS group indicating an attenuation of LV dilation. LV mass was also significantly smaller in the CCR1-MSC-treated group. Finally, similar changes were observed for the fractional shortening, which was significantly improved in the CCR1-MSCs group compared PBS control group (Ϸ12% increase). The CCR1-MSC-treated group also showed improved levels compared to the GFP-MSC in all parameters measured.
Discussion
Although stem cell transplantation shows great promise as a tool for cardiac reparative and regenerative therapy, effective engraftment and survival of the transplanted stem cells within the ischemic myocardium remain as major limitations. Incorporation of stem cells into cardiac tissue is regulated by multiple processes including cell recruitment, migration and adhesion. In addition, survival in the ischemic microenvironment is challenging for the transplanted cells because of the lack of oxygen and nutrients. A complete understanding of the mechanisms that enhance MSC migration and survival in injured tissue therefore is imperative for improving their repair capacity and therapeutic application. Yet, the predominant primary signaling pathways that orchestrate local engraftment of MSCs remain to be fully elucidated.
The ischemic myocardium expresses an array of biological mediators, in particular chemokines and cytokines. Chemokine/chemokine receptor axes are essential and potent regulators of chemotactic activities for a wide range of cell types. In particular, the stromal cell-derived fractor-1/CXCR4 axis has been shown to play an important role in guiding hematopoietic stem cells into ischemic myocardium. 5, 13 However, neutralized antibody blockage of stromal cell-derived fractor-1/CXCR4 does not influence MSC homing into ischemic myocardium, 6 which might be explained by the relatively lower level of CXCR4 expression in MSCs as compared to hematopoietic stem cells. 5, 13 As supportive evidence, overexpression of CXCR4 enhanced chemotaxis of MSCs to the myocardium. 14 In the present study, we hypothesized that additional chemokine/receptor pairs, namely, CCL7/CCR1 and CXCL1, 2/CXCR2, might be involved in MSC migration to, and engraftment in injured myocardium. Our experiments confirm that specific chemokines are upregulated transiently in the murine ischemic myocardium, including CCL7, CXCL1 and CXCL2. However the expression levels of the corresponding receptors of these chemokines, namely, CCR1 and CXCR2, were low in MSCs. To investigate whether enhancement of the above chemotactic axis would affect the biological properties of stem cells, we overexpressed the CCR1 and CXCR2 receptors in MSCs by gene transfer.
Our data show that CCR1-overexpressing, but not CXCR2-overexpressing, MSCs exhibit higher chemotactic activity. Furthermore, CCR1-MSCs, but not CXCR2-MSCs, show increased resistance against serum deprivation-induced apoptosis in vitro. Thus, overexpressing CCR1 has an effect on increasing cell viability in addition to migration. By using siRNA-mediated gene silencing, we also demonstrated that MSC expression of CCL5 and CCL7 (both CCR1 ligands) is important in protecting MSCs from serum withdrawalinduced apoptosis. Research into the targeting of CCR1 may lead to therapies in inflammation and immunosuppression. However its potential positive role in stem cell biology or in cardiovascular disease has not been extensively evaluated. Interestingly, an interaction between CCR1/CCL5 has been shown recently to be involved in affecting intimal smooth muscle-like cells proliferation and migration. 15 In addition it has been reported that CCL5 which interacts with CCR1, can induce ERK-1, ERK-2, FAK, and STAT phosphorylation in MSCs. 8 The activation of these signaling pathways might be responsible for the enhanced cell survival observed in CCR1-MSCs. The exact mechanism of CCR1 prosurvival effect is worthy of future investigations.
Our previous data has shown that MSCs secrete paracrine factors that can mediate cell survival, repair processes, as well as a variety of angiogenic factors such as VEGF, basic fibroblast growth factor, and hepatocyte growth factor, many of which are upregulated by hypoxia. 16, 17 In support of this notion, other groups have demonstrated that intramyocardial transplantation of MSCs induces myocardial angiogenesis and subsequently lead to increased cardiomyocyte survival. 18 -20 In this report, we further investigated the production of VEGF by CCR1-overexpressing MSCs. Under normal culture conditions, no difference was detected in the levels of VEGF secretion between CCR1-MSCs and control MSCs. After serum deprivation, VEGF secretion was increased dramatically in CCR1-MSCs compared to control MSCs. However, the increased VEGF secretion in CCR1-MSCs is attributable to the resistance of these cells to serum deprivation-induced apoptosis, rather than an increase in secretion per cell.
The enhanced biological properties of CCR1-MSCs observed in vitro were also present on injection of those cells into the murine myocardium after MI. A greater number of CCR1-MSCs accumulated within myocardium tissue and those cells showed increased migratory capacity toward the area of injury compared to the control MSC or CXCR2-MSC groups.
More importantly the infarct size of the CCR1-MSCinjected group was significantly reduced compared to the control MSC group. Additionally, a reduced number of apoptotic cardiomyocytes were observed in CCR1-MSCinjected hearts indicating protective effects for the injured myocardium. Compared to the control MSC injected hearts, the CCR1-MSC-injected hearts showed increased capillary density in the peri-infarct area, which was not observed in the CXCR2-MSC injected group. We also demonstrated a strong negative correlation between infarct size and capillary density in hearts, suggesting that improved blood perfusion of the myocardium might at least partially contribute to these protective effects. Furthermore, these beneficial effects were maintained beyond the acute phase of infarction (3 days time point). Intramyocardial injection of CCR1-overexpressing MSCs further prevented cardiac remodeling and restored cardiac function 4 weeks after MI.
These observations are consistent with our previous observations that the release of biologically active mediators is significant in mediating the beneficial effects of stem cell therapy via a paracrine mechanism. 12, 16, 17 A possible interpretation of the data are that the relative preservation of capillary density simply reflects preservation of border zone viability through a direct effect on existing cardiac cells rather than cell regeneration. As a result, increased capillary density reflects reduced scar formation rather than regeneration. Indeed, we were unable to detect either the transdifferentiation of the injected CCR1-MSCs into cardiomyocytes or endothelial cells or the proliferation of the cardiomyocytes. An alternative hypothesis would be that MSCs injected into ischemic hearts, via paracrine effects, may attract and activate circulating and/or resident cardiac stem cells. Higher levels of VEGF secreted because of the better survival of CCR1-MSCs in the ischemic environment may account at least partially for such effects. Indeed, VEGF has been shown to result in mobilization of bone marrow-derived endothelial progenitor cells 21 as well as possibly contributing in the spontaneous differentiation of stem cells toward the cardiac myocyte fate. 22 It is also worthy to note that G-CSF (granulocyte colony-stimulating factor) production in day 3 after MI hearts injected with CCR1-MSCs was significantly higher compared to hearts injected with control MSCs, although other cytokine production did not change (Online Figure VI) . It has been reported that G-CSF increases the mobilization of stem cells from bone marrow into peripheral circulation resulting in myocardial protection after MI. 23, 24 Whether the injection of CCR1-MSCs attracts and activates cardiac stem cells as well as MSCs requires further in depth investigation.
In summary, our efforts to genetically manipulate MSCs ex vivo by enhancing the expression of CCR1 show that overexpression of CCR1 enhances MSC survival, migration, and engraftment in ischemic myocardium. Meanwhile, CCR1-MSC injection reduced cell apoptosis and infarction size, increased capillary density, prevented cardiac remodeling, and restored cardiac function (Online Figure VII) . This approach has advanced our understanding of chemokine/receptor axis and stem cell biology, and may offer a new strategy for improved stem cell therapy for injured myocardium. 
Novelty and Significance
What Is Known?
• Chemokine/chemokine receptor axes are essential and potent regulators of chemotactic activities for a wide range of cell types, including stem cells.
• Chemokines CCL7, CXCL1, and CXCL2 are upregulated in the heart following myocardial infarction.
• The expression levels of the corresponding receptors CCR1 and CXCR2 are low in MSCs.
What New Information Does This Article Contribute?
• Overexpression of CCR1, but not CXCR2, increased MSC migration and viability in vitro and in vivo.
• Intramyocardial injection of CCR1-MSCs protected myocardium injury, prevented cardiac remodeling, and restored cardiac function.
Despite the great promise of MSC therapy for acute myocardial injury, the effective engraftment of the transplanted stem cells into the ischemic myocardium still poses a challenge for improving their therapeutic application. Ischemic myocardium expresses high level of chemokines, including CCL7, CXCL1, and CXCL2. However the expression levels of the corresponding receptors CCR1 and CXCR2 are low in MSCs. We overexpressed the CCR1 and CXCR2 receptors in MSCs by gene transfer and demonstrated that overexpressing CCR1, but not CXCR2, increases MSC migration and viability in vitro. When we injected CCR1-MSCs into murine myocardium after myocardial infarction (MI), a greater number of CCR1-MSCs accumulated in the myocardial tissue and migrated toward the area of injury. Injection of CCR1-MSCs produced protective effects for the injured myocardium 3 days after MI and prevented cardiac remodeling and impairment of cardiac function 4 weeks after MI. Genetic manipulation of MSCs ex vivo by enhancing the expression of CCR1 advances our understanding of the chemokine/receptor axis and of stem cell biology and may offer a new strategy for improving stem cell therapy for injured myocardium.
